We report an approach for obtaining novel cannabinoid analogues with controllable deactivation and improved druggability. Our design involves the incorporation of a metabolically labile ester group at the 2′-position on a series of (−)-Δ 8 -THC analogues. We have sought to introduce benzylic substituents α to the ester group which affect the half-lives of deactivation through enzymatic activity while enhancing the affinities and efficacies of individual ligands for the CB1 and CB2 receptors. The 1′-(S)-methyl, 1′-gem-dimethyl, and 1′-cyclobutyl analogues exhibit remarkably high affinities for both CB receptors. The novel ligands are susceptible to enzymatic hydrolysis by plasma esterases in a controllable manner, while their metabolites are inactive at the CB receptors. In further in vitro and in vivo experiments key analogues were shown to be potent CB1 receptor agonists and to exhibit CB1-mediated hypothermic and analgesic effects.
] and its structural analogues produce most of their physiological effects by interacting with the CB1 and CB2 cannabinoid (CB) receptors. 2−5 Modulation of these GPCRs is a promising pharmacotherapeutic strategy for treating various conditions including pain, neurodegeneration, inflammation, glaucoma, and eating disorders. 6−12 However, only a limited number of cannabinergic drugs including dronabinol (synthetic Δ 9 -THC), nabilone (Δ 9 -THC analogue), and Sativex (mixture of Δ 9 -THC and cannabidiol) have been developed to date. The difficulties involved in the development of such therapeutically useful medications are due to the undesirable side effects associated with CB1 receptor activation which include CNS and cardiovascular effects, abuse potential, poor oral bioavailability, and unpredictable time course of action and detoxification. 13 For example, oxidative metabolism of Δ 9 -THC by cytochrome 450 generates 11-hydroxy-Δ 9 -THC, which is a potent psychoactive cannabinoid with a very long pharmacological halflife. 14, 15 Therefore, there is still a need for the development of safer THC-based analogues/drugs with good oral bioavailability, consistent efficacy, and predictable duration of action and detoxification.
The "soft analogue/drug" approach has been used successfully to improve pharmacokinetic and pharmacodynamic (PK/PD) profiles as well as specificity for a variety of drug targets, such as anticholinergics, β-blockers, corticosteroids, and opioids. 16−18 In general, soft analogues/drugs are bioactive analogues of a lead compound/drug that have a metabolically labile feature built into their structures. They are designed to undergo a predictable and controllable deactivation to inactive metabolites after the desired biological/pharmacological role has been achieved ( Figure 1 ).
The therapeutic potential of soft cannabinergic agonists found application in a number of conditions such as glaucoma, perioperative and postoperative pain, and drug addiction. Earlier efforts to incorporate a metabolically vulnerable ester group at the side chain of a biphenyl cannabimimetic ligand led to compounds with very low affinity for CB receptors. 19 In a different approach, ester group containing N-benzylbenzopyrones that share some structural features with nabitan, a cannabinoid lead developed at Abbott Laboratories, were synthesized. 12, 20 Although CB receptor binding affinities and cannabinoid related behavioral pharmacology of these compounds are not reported, in vivo testing suggests that they possess moderate intraocular pressure lowering activity. 12 In this communication, we have combined the soft drug concept of enzymatic deactivation with a "depot effect" that has been frequently observed with the generally hydrophobic cannabinergic compounds. In our controlled deactivation design, the ligand's systemic half-life is determined by two factors (Figure 2 ). The first is the extent to which the ligand is sequestered within the body before it is released for systemic circulation (depot effect). This process is dependent on the compound's physicochemical properties and can be modulated by adjusting log P and PSA. The second parameter is the rate of enzymatic hydrolysis by blood esterases. This can be calibrated by incorporating suitable stereochemical features in the vicinity of the hydrolyzable group (enzymatic effect). For the current work, which involves the design of cannabinoid analogues with controllable deactivation and improved druggability, we chose the well-known tetrahydrocannabinol template (THC). Detailed Δ 8 -THC structure−activity relationship (SAR) studies have shown that the aliphatic side chain (SC) at C3 plays a pivotal role in determining the cannabinergic potency of THCs. 5, 21, 22 Also, we and others have provided evidence that substituents at 1′-position can play a significant role in determining the compound's ability to interact with CB receptors. 21,23−27 On the basis of the above, we incorporated a metabolically labile ester group within the side chain pharmacophore of the THC structure. In such a design the carboxylic acid metabolite 3 ( Figure 3 ) resulting after enzymatic hydrolysis was expected to have no activity at the 23 is a potent CB1 receptor agonist (K i = 1.5 nM), while compound B (2e) is its corresponding analogue with similar pharmacophoric groups while also encompassing a key ester group in its side chain which is available for enzymatic cleavage. Through the action of esterases, B yields two fragments (a and b) that are shown to have negligible cannabinergic activity. Figure 2 . Control of drug activity through esterase actions and depot effects. Compounds similar to drug A (less lipophilic, quickly hydrolyzable) are sequestered in fatty tissues followed by release in the bloodstream and rapid inactivation by plasma esterases. Compounds similar to drug B (more lipophilic, slowly hydrolyzable) are more slowly released in the bloodstream from the depot and more slowly inactivated by plasma esterases. The rate of enzymatic inactivation of A and B is dependent on structural features in the vicinity of the hydrolyzable group. By incorporating features modulating these two parameters (depot effect, enzymatic action), we can obtain ligands with controllable half-lives. CB receptors. In addition, we have incorporated α to the ester moiety methyl, geminal dimethyl, and cyclobutyl groups at the C1′ carbon to explore the role of steric factors on the rate of enzymatic deactivation of the novel enzymatically labile analogues. As with earlier work, we used (−)-Δ 8 -THC as our prototype, favoring it over the less stable and almost equipotent isomer (−)-Δ 9 -THC, while the length of the side chain was optimized to seven atoms. Overall, our design maintains the optimized pharmacophoric features of the lead compound while favoring the hydrolytic deactivation step over the preferred oxidative P450-based liver metabolism of prototypic cannabinoids. Such a design maintains control over the pharmacological half-life of the novel analogues while avoiding the potentially confounding roles of biologically active metabolites.
All synthesized analogues were characterized biochemically by determining their in vitro CB1 and CB2 receptor affinities, functional activities, and assessment of their in vitro metabolic stability toward mouse and rat plasma esterases. The in vitro results validated the stereochemical considerations used in the design of the novel ester side chain analogues. Equally important, the presence of an ester group within the cannabinoid side chain maintained or exceeded the ability to favorably interact with both receptors when compared with their all-carbon side chain counterparts.
Of the compounds described here, those with methyl, geminal dimethyl, and cyclobutyl substituents at C1′ were shown to exhibit remarkably high affinities for CB1 and CB2 receptors (6.2 nM > K i > 0.3 nM). They are also susceptible to enzymatic hydrolysis by plasma esterases in a controllable manner, while their metabolites did not significantly interact with the CB receptors. Further in vitro and in vivo characterization suggested that three of the analogues identified in this study are potent CB1 receptor agonists (4.2 nM > EC 50 > 0.4 nM) and exhibit CB-mediated hypothermic effects. Also, in both the hypothermia and analgesia assays the side chain ester analogue with the geminal dimethyl group at C1′ showed a faster onset and shorter duration of action than the all-carbon side chain counterpart Δ 8 -THC-DMH. The SAR results for this series of novel cannabinergic analogues are also discussed using molecular modeling of key analogues. Generally, the key step in the synthesis of side chain ester congeners of Δ 8 -THC (2a−e) involves condensation of the chiral monoterpenoid alcohol (+)-cis/trans-p-mentha-2,8-dien-1-ol (7) with an appropriately 5-substituted resorcinol in the presence of p-toluenesulfonic acid. 28, 29 This one step, acid catalyzed stereoselective process involves three consecutive reactions: (1) a Friedel−Crafts allylation, (2) a dibenzopyran ring closure, and (3) a Δ 9 to Δ 8 double bond isomerization. [23] [24] [25] 30 Synthesis of the (−)-Δ 8 -THC ester derivative 2a is depicted in Scheme 1. Hydrolysis of commercially available (3,5-dimethoxyphenyl)acetonitrile (4) under basic conditions afforded acid 5 (89% yield) which was then demethylated using boron tribromide to give resorcinol 6 in 88% yield. Acid catalyzed condensation of this intermediate with chiral 7 in refluxing chloroform produced (−)-Δ 8 -THC acid 3a in 40% yield. Alkylation of the respective carboxylate anion with 1-bromobutane under microwave heating led to the corresponding ester 2a in 61% yield requiring short reaction times (12 min Deprotonation of Evan's chiral auxiliary 13 32,33 with n-BuLi followed by N-acylation with 8 led to oxazolidinone imide 9 in 66% yield. Enolization of 9 with sodium bis(trimethylsilyl)-amide at −78°C and treatment of the resulting enolate with methyl iodide (−78 to −30°C) afforded the methylated imide 10 in good yield (63%). 34, 35 Subsequent hydrolysis of 10 under mild basic conditions 34, 35 led to resorcinol dimethyl ether 11 (50% yield) which was treated with boron tribromide 23, 26 to give the corresponding resorcinol 12 in 73% yield. Condensation of 12 with the monoterpenoid alcohol 7 provided the precursor acid 3b (40% yield) which upon treatment with 1-bromobutane and sodium bicarbonate under microwave heating gave the respective ester 2b in 67% yield.
To determine the stereoselectivity of our approach, an equally populated diastereomeric mixture 18 was synthesized and its 1 H NMR (500 MHz) spectrum was used to identify differences in the proton signals of the two diastereomers (2c and 2b, Scheme 3). Subsequently, analysis of the 1 H NMR spectrum of the product obtained during the stereoselective synthesis of 2b (Scheme 2) showed that the ratio 2b/2c was 92:8. For testing and analytical purposes, pure 2b was isolated after purification of the reaction mixture by flash column chromatography.
The diastereomeric mixture 18 was synthesized from nitrile 4 as shown in Scheme 3. Briefly, deprotonation at −78°C and quenching with methyl iodide afforded the monomethylated nitrile 14 (75%). Nitrile hydrolysis followed by deprotection of the phenolic hydroxyl groups and coupling with 7 led to acid 17 which upon microwave assisted esterification gave 18.
Stereoselective synthesis of the (1′S)-Me-(−)-Δ 8 -THC diastereomer (2c) was accomplished using the oxazolidinone chiral auxiliary 23 35 (Scheme 4). In a similar fashion, acyl chloride 8 was transformed into the desired 2S-propanoic acid derivative 21 following literature precedent. 35 This involves acylation of 23 (65%) followed by asymmetric methylation (82%) and saponification (90%). Starting from acid 21, the sequence deprotection, terpenylation, esterification worked as expected and produced diastereomer 2c in good overall yield. Again, a comparison of the 1 H NMR (500 MHz) spectrum of the diastereomeric mixture 18 with that of the crude product obtained during the stereoselective synthesis of 2c showed that the stereoselection 2c/2b was 91:9. This indicates that both the benzyl-and the isopropyl-substituted chiral auxiliaries 13 and 23 worked equally well leading to similar stereochemical outcomes.
The syntheses of the 1′-gem-dimethyl and the 1′-cyclobutyl analogues 2d and 2e are summarized in Scheme 5. Sequential deprotonation of 4 with sodium hydride and geminal dimethylation using methyl iodide at 0°C gave 24a in excellent yield (95%) and free from the monomethylated product 14. Following the methodology we reported earlier, [23] [24] [25] 36, 37 cyclo-bis-alkylation of the starting nitrile 4 using potassium bis(trimethylsilyl)amide and 1,3-dibromopropane afforded 24b. Alkaline hydrolysis of nitriles 24a and 24b (88− 93% yield) and cleavage of the ether groups in 25a and 25b (85−87% yield) followed by terpenylation of resorcinols 26a and 26b (39−45% yield) and esterification (67−78% yield) of the intermediate acids 3d and 3e led to the respective (−)-Δ 8 -THCs 2d and 2e.
Overall, key steps in the stereospesific syntheses of the side chain ester analogues involve (1) acid catalyzed condensation of a 5-substituted resorcinol with (+)-cis/trans-p-mentha-2,8-dien-1-ol, (2) asymmetric methylation using chiral auxiliaries, and (3) microwave assisted esterification.
■ RESULTS AND DISCUSSION
Cannabinoid Receptor Binding Studies. The abilities of 2a−e and 3a−3e to displace radiolabeled CP-55,940 from membranes prepared from rat brain (source of CB1 receptor) and HEK 293 cells expressing mouse CB2 receptor were determined as described in the Experimental Section, 23, 26 and inhibition constants (K i ) from the respective competition binding curves are listed in Table 1 . The compounds included in this study are optimized (−)-Δ 8 -THC analogues in which a seven atom long side chain, with or without 1′-substituents, carry a 2′,3′-ester group. As expected, the hydrolytic metabolites 3a−e have no significant affinity for CB receptors.
Comparison of the binding data of (−)-Δ 8 -THC and its analogue 2a suggests that extension of the chain from five to seven atoms along with incorporation of an ester group at 2′,3′-positions is well tolerated. Thus, compound 2a has higher affinity for CB1 receptor and equal affinity for CB2 receptor when compared to the prototype (−)-Δ 8 -THC. Importantly, introduction of (1′R)-or (1′S)-methyl substituents (analogues 2b, 2c) leads to substantial enhancement in CB1 and CB2 receptor affinities, an effect more accentuated in CB1 receptor (17-to 45-fold) . This increase in the ligand's affinities for CB1 and CB2 receptors holds true when a second methyl group is added at the 1′-position (analogue 2d). Likewise, transformation of the gem-dimethyl substitution into the bulkier but sterically more confined cyclobutyl ring maintains low nanomolar affinities for both receptors (analogue 2e).
The rat, 38 mouse, 39 and human CB1 (hCB1) receptors 40 have 97−99% sequence identity across species and are not expected to exhibit variations in their K i values. However, mouse CB2 receptor 41, 42 (mCB2) exhibits only 82% sequence identity with the human clone 3 (hCB2). This divergent nature of mCB2 and hCB2 receptors could possibly result in speciesbased differences in affinity. 43, 44 For this reason, the side chain ester analogues 2a−e were also assayed using membranes from HEK293 cells expressing hCB2 receptors, and the results are listed in Table 1 . We observe that the tested compounds exhibit similar binding affinities for both mouse and human CB2 receptors.
Overall, our binding data show that addition of methyl, gemdimethyl, or cyclobutyl substituents at the 1′-position of the ester group containing side chain results in analogues with remarkably high affinities for both CB1 and CB2 receptors. All C1′ substituents lead to 20-to 50-fold enhancement in CB1 and CB2 receptor affinities, although the disubstituted analogues have 3-to 5-fold higher affinities than their respective monosubstituted counterparts. Also, the (1′S)-methyl analogue (2c) has a slightly higher affinity for CB1 receptor when compared to its (1′R)-diastereomer (2b).
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Within the group of compounds reported here, this increase in CB receptor affinities is not significantly affected by the absolute stereochemistry and the size of the 1′-substituent. It is worthy to note that these side chain SAR trends parallel those we reported earlier for 1′-substituted tetrahydro-/hexahydrocannabinols and are congruent with the postulated presence of a subsite within the CB1 and CB2 receptor binding domain at the level of the benzylic side chain carbon. 21, [23] [24] [25] [26] 45 In Vitro Plasma Stability Studies. All ester carrying analogues were also assessed for their in vitro plasma stability toward mouse and rat plasma esterases as detailed in Experimental Section. 46, 47 Examination of the half-lives (t 1/2 ) of 2a−e (Table 1) shows that their mouse and rat plasma esterase stabilities correlate well with the presence and the size of the 1′-substituents, while the absolute configuration at the C1′ position has minimal effect on plasma stability. Thus, the order of metabolic stabilities is 2a < 2c ≤ 2b < 2d < 2e with the compound carrying the bulkiest cyclobutyl group being the most stable. A comparison of the compounds' half-lives using 23, 26, 62 Data were analyzed using nonlinear regression analysis. K i values were obtained from three independent experiments run in duplicate and are expressed as the mean of the three values.
b Reported previously.
21 c Half-lives (t 1/2 ) for mouse and rat plasma were determined as described in Experimental Section. d ND: not determined.
mouse and rat plasma indicates some species differences with the compounds carrying the bulkier 1′-substituents (2d, 2e) exhibiting higher stability in rat plasma (7-to 10-fold) compared to mouse plasma. Also, in rat plasma the (1′R)-methyl analogue (2b) is somewhat more stable than the (1′S)-methyl counterpart (2c). Collectively, our data support the hypothesis that the duration of action of the 2′-ester analogues of Δ
8
-THC can be strategically modulated by steric factors introduced by 1′-substituents.
Functional Characterization. Since the long-term goals of this project were aimed at developing compounds with analgesic activity, we focused on studying the functional properties of our analogues on CB1 receptor. For the side chain ester analogues 2a−e for CB1 receptor these were obtained from adenylyl cyclase assays by measuring the decrease in forskolin-stimulated cAMP, as described in Experimental Section. 26 The respective EC 50 values are listed in Table 2 . We observe that compounds 2c, 2d, and 2e are potent agonists at the CB1 receptor while their EC 50 values correlate well with their respective binding affinities (Table 2) . In contrast, compounds 2a and 2b show no response up to 5 μM. It is worthy to note that although both diastereomers 2b and 2c bind equally well at CB1 receptor, only 2c exhibits significant CB1 receptor efficacy. This difference in the functional properties of the two diastereomers (2b, 2c) reflects the effect of stereochemistry at the 1′-position which plays a major role in determining the ability of the ligand to activate the CB1 receptor notwithstanding the fact that both isomers exhibit similar affinities for the receptor.
In Vivo Behavioral Characterization. Hypothermia Testing. We determined the in vivo activity of the Δ 8 -THC ester analogues, 2a, 2b, 2c, 2d, and 2e, by assessing their effects on body temperature while the respective hydrolytic metabolites 3a, 3b, 3c, 3d, and 3e had no hypothermic effects. Body temperature was measured in isolated rats over a 6 h period following drug injection (detailed procedures are given in Experimental Section). In agreement with our in vitro functional characterization, compounds 2a and 2b had no significant effects on body temperature, whereas 2c, 2d, and 2e all decreased core body temperature in a dose-dependent manner, reducing body temperature by 3.6−4.8°C at the highest doses tested (Figure 4 ). For comparison, effects of the nonhydrolyzable parent compound (−)-Δ 8 -THC-DMH are also shown. Compounds 2c and 2d significantly reduced temperature at doses equal to or greater than 0.3 mg/kg, while 2e induced hypothermia at 1.0 mg/kg. Compounds 2c, 2d, and 2e all had maximum effects equivalent to those of Δ
-THC-DMH (F (3,19) = 1.51, p > 0.05), and compound 2c was slightly less potent than Δ 8 -THC-DMH. The time course of the effects of the highest doses of 2a, 2b, 2c, 2d, and 2e are shown in Figure 5 . As evident in the dose effect functions, 2a and 2b had no effect on body temperature (relative to vehicle effects) at any point over the course of the 6 h test. In contrast, 2c, 2d, and 2e all reduced body temperature significantly for several hours after injection. Analogue 2d had the fastest onset of drug effect, as significant effects were apparent within 60 min after injection whereas significant effects of 2c and 2e occurred at 90−120 min after injection. For all three Δ 8 -THC ester 
a Functional potencies at rCB1 receptor were determined by measuring the decrease in forskolin-stimulated cAMP levels, as described in Experimental Section. 26 EC 50 values were calculated using nonlinear regression analysis. Data are the average of two independent experiments run in triplicate, and 95% confidence intervals for the EC 50 values are given in parentheses.
b Forskolin stimulated cAMP levels were normalized to 100%, and E (max) is the maximum inhibition of forskolin stimulated cAMP levels and is presented as the percentage of CP-55,940 response at 500 nM.
c NR: no response up a 5 μM. analogues, peak effects of the high doses were not reached until at least 300 min after injection. A comparison of the hypothermia induced by the ester drug 2d and its nonhydrolyzable parent compound Δ 8 -THC-DMH for a longer time frame using lower but equivalent doses revealed that the effects of 0.3 mg/kg compound 2d reduced temperature by 2°C within 2 h of injection and these effects were maintained up to 6 h after injection, after which there was a slow recovery toward baseline ( Figure 6 ). In contrast, 0.3 mg/kg Δ 8 -THC-DMH did not reduce temperature by 2°C until 4 h after injection, and temperature was still reduced at 12 h after injection ( Figure 6 ).
Analgesia Testing. To confirm the observed pharmacokinetic differences between the ester analogue 2d and its nonhydrolyzable congener, we used the CB1 receptorcharacteristic analgesia test. Tail-flick latency data in mice involving compound 2d and Δ Figure 7 which clearly demonstrate the faster onset and offset for 2d when compared to Δ 8 -THC-DMH. Note that the ANOVA did not include the vehicle group. The average (±SEM) baseline tail-flick withdrawal latency for all mice (N = 43) was 1.08 ± 0.08 s.
Our in vivo experiments show that compounds 2c, 2d, and 2e have in vivo hypothermia activity and that they were able to produce similar maximum effects as other cannabinoid agonists. 26 The effects of all drugs, at the highest doses tested, lasted at least 6 h, and compound 2d has a faster onset and shorter duration of action than Δ 8 -THC-DMH for both the temperature and analgesia end points.
Molecular Modeling. We have used molecular modeling to refine our understanding with regard to binding affinity as well as enzymatic hydrolysis profiles of the synthesized compounds. Since among the analogues reported the only pharmacophoric variable is the side chain, we focused our attention on the conformational and stereoelectronic properties of this moiety. A conformational search of Δ 8 -THC and the 2′-ester analogues 2a−e in implicit water was carried out as described in the Experimental Section and the global energy minimum conformer for each compound was identified (see Supporting Information). As a representative example, the accessible conformational space for the side chain of the high affinity and in vitro and in vivo potent CB1 receptor agonist 2e is shown in Figure 8 . The accessible conformational space for the n-pentyl substituent of Δ 8 -THC is also included for comparison. Furthermore, the lowest energy conformers for all side chain ester analogues are depicted in Figure 9 where the van der Waals surface for the benzylic substituents is highlighted in yellow.
A comparison of the computational data points out the differences when the conformational spaces and the lowest energy conformers of Δ 8 -THC and 2e are compared ( Figure 8 ) and may account for the different binding affinities of the two compounds. Our modeling shows that in the global minimum conformer of 2e the butyl cyclobutanecarboxylate moiety adopts a "bent conformation" approximately perpendicular to the tricyclic system. In this conformation the 1′-cyclobutane ring can be well accommodated within a putative CB1 receptor subsite that we have postulated in our earlier work. 21, [23] [24] [25] [26] 45 Since the conformation of the side chain for 2b, 2c, and 2d is similar to that of 2e (Figure 9 ), it can be argued that the smaller sized 1′-substituents of 2b, 2c, and 2d can also fit within the subsite's groove and are congruent with the finding that all four 1′-substituted analogues have similar binding affinities. Conversely, the stabilities of the compounds for enzymatic hydrolysis are substantially different. The presence and size of 1′-substituents because of steric differences are expected to affect the ability of esterases to hydrolyze the ester bond. This is reflected in the stability half-lives of the compounds, with those carrying the bulkier substituents being more resistant to hydrolysis. This effect correlates well with the van der Waals surfaces of the 1′-substituents as represented by the yellow contours in Figure 9 .
■ CONCLUSIONS
As a part of our program aimed at developing novel cannabinoids with controllable deactivation and improved druggability, we report here a series of (−)-Δ 8 -THC analogues . Tail-flick latencies in a hot water bath (52°C) after administration of (−)-Δ 8 -THC-DMH and its ester (compound 2d) at four time-points (20, 60, 180 , and 360 min after administration) using CD-1 mice: abscissa, time (min) after injection; ordinate, tail-flick withdrawal latencies expressed as a percentage of maximum possible effect (% MPE, group mean ± SEM). For clarity in data presentation, only the effects of the two higher doses of the two compounds are depicted in the graph. The average effects of 0.1 mg/kg of the two drugs and vehicle did not exceed 20% MPE at any of the four timepoints examined. that incorporate a metabolically vulnerable ester group at the 2′-position of the cannabinoid side chain. We introduced variations in the steric properties and absolute configuration of the 1′-substituents adjacent to the ester moiety with the aim of controlling stability of the analogues toward enzymatic hydrolysis while enhancing the compounds' affinities for the CB receptors.
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The in vitro results were consistent with the general drug design rationale as follows: (1) 1′-Substituted analogues show remarkably high affinities for CB1 and CB2 receptors. (2) Analogues incorporating an ester group at the side chain are susceptible to enzymatic (hydrolytic) deactivation in a controllable manner while at the same time maintaining excellent affinity and efficacy profiles. Thus, the 1′-(S)-methyl, 1′-gem-dimethyl, and 1′-cyclobutyl analogues 2c, 2d, and 2e were all found to be potent agonists at CB1 receptors. (3) The respective metabolites are inactive at both CB1 and CB2 receptors and thus eliminate the possibility of undesirable cannabinoid receptor related side effects.
Preliminary in vivo characterization showed that compounds 2c, 2d, and 2e have hypothermic profiles in rats with maximal effects comparable to those of other potent cannabinoid agonists. In agreement with our controlled-deactivation design, in both the temperature and analgesia assays, the C1′ gemdimethyl analogue 2d has faster onset and shorter duration of action compared to hydrolytically stable all-carbon side chain counterpart Δ 8 -THC-DMH. The structure−activity and the structure−stability relationship results of this unexplored structural motif are highlighted by molecular modeling.
Finally, we have observed large differences between the in vitro and in vivo half-lives of our individual compounds reported here. This can be clearly attributed to the "depot effects" associated with the in vivo pharmacokinetic profile of these analogues. This effect, which is generally observed with all hydrophobic cannabinoid ligands, reflects the ability of the compound to be sequestered in some tissue reservoir and subsequently slowly become available for receptor activation and hydrolytic deactivation. This "depot effect" can be modulated by modifying the hydrophobic features of individual compounds. Thus, the introduction of polar groups within a hydrophobic analogue will be expected to reduce this depot effect.
The results reported here support the concept of selective detoxification which can be modulated by the design of ester encompassing cannabinoid ligands that are subject to variable rates of enzymatic hydrolysis. In future work we shall report on how the half-lives of our selectively detoxified-cannabinoid ligands can be controlled by the joint modulation of their relative stabilities toward plasma esterases as well as through variation of their depot effects. Materials. All reagents and solvents were purchased from Aldrich Chemical Co., unless otherwise specified, and used without further purification. All anhydrous reactions were performed under a static argon atmosphere in flame-dried glassware using scrupulously dry solvents. Flash column chromatography employed silica gel 60 (230− 400 mesh). All compounds were demonstrated to be homogeneous by analytical TLC on precoated silica gel TLC plates (Merck, 60 F 245 on glass, layer thickness 250 μm), and chromatograms were visualized by phosphomolybdic acid staining. Melting points were determined on a micromelting point apparatus and are uncorrected. IR spectra were recorded on a Perkin-Elmer Spectrum One FT-IR spectrometer. NMR spectra were recorded in CDCl 3 , unless otherwise stated, on a Bruker Ultra Shield 400 WB Plus ( 1 H at 400 MHz, 13 C at 100 MHz) or on a Varian INOVA-500 ( 1 H at 500 MHz, 13 C at 125 MHz) spectrometer, and chemical shifts are reported in units of δ relative to internal TMS. Multiplicities are indicated as br (broadened), s (singlet), d (doublet), t (triplet), q (quartet), m (multiplet), and coupling constants (J) are reported in hertz (Hz). Low-and high-resolution mass spectra were performed in School of Chemical Sciences, University of Illinois at UrbanaChampaign. Mass spectral data are reported in the form of m/z (intensity relative to base of 100). Results from elemental analyses were obtained from Baron Consulting Co., Milford, CT, and were within ±0.4% of the theoretical values (see Supporting Information). Purities of the tested compounds were determined by elemental analysis or by HPLC (using Waters Alliance HPLC system, 4.6 mm × 250 mm, Supelco Discovery column, acetonitrile/water) and were >95%.
2-(3,5-Dimethoxyphenyl)acetic Acid (5). 48 A stirred mixture of (3,5-dimethoxyphenyl)acetonitrile (4, 5.7 g, 32.2 mmol) and NaOH (3.2 g, 80 mmol) in n-butanol/water (5 mL, 2:1 ratio) was refluxed for 4 h under argon. Volatiles were removed under reduced pressure, and the residue was acidified with 2 N HCl and diluted with diethyl ether. The organic layer was separated, and the aqueous layer was extracted with diethyl ether. The combined organic layer was washed with water and brine, dried (MgSO 4 ), and concentrated in vacuo. Purification by flash column chromatography on silica gel (30% ethyl acetate in hexane) gave 5 (5.61 g, 89% yield) as a white solid, mp 99−101°C (lit. 48 2-(3,5-Dihydroxyphenyl)acetic Acid (6). 49 To a stirred solution of 5 (3.5 g, 17.8 mmol) in dry CH 2 Cl 2 (85 mL) at −78°C, under an argon atmosphere, was added boron tribromide (62.3 mL, 62.3 mmol, 1 M solution in CH 2 Cl 2 ). Following this addition, the reaction temperature was gradually raised over a period of 3 h to 25°C, and the stirring was continued at that temperature until the reaction was completed (4 h). Unreacted boron tribromide was destroyed by the addition of methanol and ice at 0°C. The resulting mixture was warmed to room temperature, and volatiles were removed in vacuo. The residue was dissolved in ethyl acetate and washed with water and brine and dried (MgSO 4 ). Solvent evaporation and purification by flash column chromatography on silica gel (40% ethyl acetate in hexane) gave 6 (2.64 g, 88% yield) as a white solid, mp 127−128°C (lit. 49 . 50 To a stirred solution of 6 (1.0 g, 5.94 mmol) and (+)-cis/trans-p-mentha-2,8-dien-1-ol (1.0 g, 6.57 mmol) in anhydrous CHCl 3 (20 mL) under an argon atmosphere was added p-toluenesulfonic acid (230 mg, 1.21 mmol). The reaction mixture was refluxed for 6 h, and then it was cooled to room temperature and diluted with water and CHCl 3 . The organic layer was separated, and the aqueous phase was extracted with CHCl 3 . The combined organic layer was washed with water and brine and dried (MgSO 4 ). Solvent evaporation and purification by flash column chromatography on silica gel (20% ethyl acetate in hexane) gave 3a (719 mg, 40% yield) as a light yellow gum. 1 (4R)-4-Benzyl-3-[2-(3,5-dimethoxyphenyl)acetyl]oxazolidin-2-one (9). To a stirred solution of (4R)-4-benzyloxazolidin-2-one (13, 740 mg, 4.18 mmol) in dry THF (10 mL) at −30°C under an argon atmosphere was added n-BuLi (2.6 mL, 4.2 mmol, 1.6 M solution in hexane) dropwise. Stirring was continued at the same temperature for 30 min, and then a solution of 8 (900 mg, 4.19 mmol) in dry THF (5 mL) was added. Following this addition, the mixture was gradually warmed to room temperature and stirred for 4 h. The reaction mixture was quenched with 1 M aqueous NaHSO 4 and extracted with ethyl acetate. The organic layer was washed with water and brine, dried (MgSO 4 ), and concentrated in vacuo. Flash column chromatography on silica gel (20% acetone in hexane) gave 9 (984 mg, 66% yield) as a colorless viscous oil. (2R)-2-(3,5-Dimethoxyphenyl)propanoic Acid (11) . A mixture of 10 (600 mg, 1.62 mmol) and lithium hydroxide (114 mg, 4.76 mmol) in THF (6 mL)/H 2 O (6 mL) was stirred at 0°C for 2 h under argon. The reaction mixture was warmed to room temperature, and volatiles were removed in vacuo. The residue was acidified (10% HCl) until pH 1 and extracted with CH 2 Cl 2 . The organic layer was washed with water and brine and dried (MgSO 4 ). Solvent evaporation and purification by flash column chromatography on silica gel (66% ethyl acetate in hexane) gave 11 (171 mg, 50% yield) as a colorless viscous oil. 1 (2R)-2-(3,5-Dihydroxyphenyl)propanoic Acid (12) . The synthesis was carried out as described for 6 using 11 (165 mg, 0.78 mmol) and boron tribromide (2.7 mL, 2.7 mmol, 1 M solution in CH 2 Cl 2 ) in dry CH 2 Cl 2 (20 mL) and gave 12 (104 mg, 73% yield) as a semisolid material. 1 73 (m, 3H, 10β-H, 7β-H, 6a-H . 52 The synthesis was carried out as described for 5 using 14 (2.3 g, 12.0 mmol) and sodium hydroxide (1.2 g, 30.0 mmol) in 3 mL of n-butanol/water (2:1 ratio) and gave 15 (2.3 g, 92% yield) as a colorless oil. Spectroscopic data were identical to those of the pure enantiomer 11.
2-(3,5-Dihydroxyphenyl)propanoic Acid (16). 53 The synthesis was carried out as described for 6 using 15 (2.3 g, 10.9 mmol) and boron tribromide (38.4 mL, 38.4 mmol, 1 M solution in CH 2 Cl 2 ) and in dry CH 2 Cl 2 (30 mL) and gave 16 (1.55 g, 78% yield) as a semisolid material. Spectroscopic data were identical to those of the pure enantiomer 12.
2-[(6aR,10aR)-6a,7,10,10a-Tetrahydro-1-hydroxy-6,6,9-trimethyl-6H-dibenzo[b,d]pyran-3-yl]propanoic Acid (17) . The synthesis was carried out as described for 3a using 16 (660 mg, 3.62 mmol), (+)-cis/trans-p-mentha-2,8-dien-1-ol (609 mg, 4.0 mmol), and p-TSA (138 mg, 0.73 mmol), in CHCl 3 (30 mL) and gave 17 as an equally populated mixture of diasteromers 3b and 3c (527 mg, 46% yield, yellow gum). 2-[(6aR,10aR)-6a,7,10,10a-Tetrahydro-1-hydroxy-6,6 ,9-trimethyl-6H-dibenzo[b,d]pyran-3-yl]propanoic Acid Butyl Ester (18) . The synthesis was carried out as described for 2a using 17 (175 mg, 0.55 mmol), bromobutane (114 mg, 0.83 mmol), and sodium bicarbonate (55 mg 0.65 mmol) in DMF (2 mL) and gave 18 as an equally populated mixture of diasteromers 2b and 2c (146 mg, 71% yield, light yellow gum). IR (neat) 3398, 2961, 1732, 1708 (s, >C O), 1182 cm (48). (19) . 35 The synthesis was carried out as described for 9 using (S)-4-isopropyloxazolidin-2-one (23, 1.7 g, 13.2 mmol), n-BuLi (20) . 35 The synthesis was carried out as described for 10 using 19 (2.3 g, 7.48 mmol), sodium bis- (21) . 35 The synthesis was carried out as described for 11 using 20 (1.90 g, 5.91 mmol) and lithium hydroxide (400 mg, 16.7 mmol) in THF (20 mL):H 2 O (20 mL) and gave 21 (1.12 g, 90% yield). Spectroscopic and physical data were identical to those of the pure enantiomer 11.
(2S)-2-(3,5-Dihydroxyphenyl)propanoic Acid (22) . The synthesis was carried out as described for 6 using 21 (1.0 g, 4.76 mmol) and boron tribromide (16.0 mL, 16.0 mmol, 1 M solution in CH 2 Cl 2 ) in dry CH 2 Cl 2 (40 mL) and gave 22 (685 mg, 79% yield). Spectroscopic and physical data were identical to those of the pure enantiomer 12.
(2S)-2-[(6aR,10aR)-6a,7,10,10a-Tetrahydro-1-hydroxy-6,6,9-trimethyl-6H-dibenzo[b,d]pyran-3-yl]propanoic Acid (3c). The synthesis was carried out as described for 3a using 22 (250 mg, 1.37 mmol), (+)-cis/trans-p-mentha-2,8-dien-1-ol (230 mg, 1.51 mmol) , and p-TSA (50 mg, 0.26 mmol), in refluxing CHCl 3 (4 h) and gave 3c (178 mg, 41% yield) as a light yellow gum. 1 08 (m, 1H, 7α-H 1-(3,5-Dihydroxyphenyl)cyclobutanecarboxylic Acid (26b). The synthesis was carried out as described for 6 using 25b (700 mg, 2.96 mmol) and boron tribromide (11.8 mL, 11.8 mmol, 1.0 M solution in CH 2 Cl 2 ) in dry CH 2 Cl 2 and gave 26b (537 mg, 87%) as a brown viscous oil. 74 (m, 3H, 10β-H, 7β-H, 6a-H Radioligand Binding Assays. Rat brain CB1 Receptor and Mouse and Human CB2 Receptor Binding Assays. Compounds were tested for their affinities for the CB1 and CB2 receptors using membrane preparations from rat brain or HEK293 cells expressing either mCB2 or hCB2 receptor, respectively, and [
3 H]CP-55,940, as previously described. 23, 24, 26 Results from the competition assays were analyzed using nonlinear regression to determine the IC 50 values for the ligand. K i values were calculated from the IC 50 55 (Prism by GraphPad Software, Inc.). Each experiment was performed in duplicate, and K i values were determined from three independent experiments and are expressed as the mean of the three values.
cAMP Assay. 26 HEK293 cells stably expressing rCB1 receptor were used for the studies. The cAMP assay was carried out using PerkinElmer's Lance ultra cAMP kit following the protocol of the manufacturer. Briefly, the assays were carried out in 384-well plates using 1000−1500 cells/well. The cells were harvested with nonenzymatic cell dissociation reagent Versene and were washed once with HBSS and resuspended in the stimulation buffer. The various concentrations of the test compound (5 μL) in forskolin (2 μM final concentration) containing stimulation buffer were added to the plate followed by the cell suspension (5 μL). The cells were stimulated for 30 min at room temperature. Then Eu-cAMP tracer working solution (5 μL) and Ulight-anti-cAMP working solution (5 μL) were added to the plate and incubated at room temperature for 60 min. The data were collected on a Perkin-Elmer Envision instrument. The EC 50 values were determined by nonlinear regression analysis using GraphPad Prism software (GraphPad Software, Inc., San Diego, CA).
Plasma Stability. 46, 47 Compounds or their proposed products were diluted (200 μM) in mouse or rat plasma and incubated at 37°C, 100 rpm. At various time points, samples were taken, diluted 1:4 in acetonitrile, and centrifuged to precipitate the proteins. The resulting supernatant was analyzed by HPLC.
HPLC Analysis. Chromatographic separation was achieved using a Supelco Discovery C18 (4.6 mm × 250 mm) column on a Waters Alliance HPLC system. Mobile phase consisted of acetonitrile (A) and a mixture of 60% water (acidified with 8.5% o-phosphoric acid) and 40% acetonitrile (B). Gradient elution started with 5% A, transitioning to 95% A over 10 min and holding for 5 min before returning to starting conditions. Run time was 15 min. The flow rate was 1 mL/ min, and UV detection was used at each compound's maximal absorbance (204 and 230 nm).
Methods for Characterization of in Vivo Effects. 26, 56 Subjects. For hypothermia testing, female Sprague−Dawley rats (n = 6/group), weighing between 250 and 350 g (Charles River, Wilmington MA) were used. Rats were tested repeatedly with at least 5 days intervening between drug sessions. Experiments occurred at approximately the same time (10:00 a.m. to 5:00 p.m.) during the light portion of the daily light/dark cycle. Outside experimental sessions, rats were pair housed (2/cage) in a climate controlled vivarium with unrestricted access to food and water. For tail-flick withdrawal (analgesia) testing, male CD-1 mice (n = 6/group except for the vehicle condition where n = 7), weighting between 30 and 35 g (Charles River, Wilmington MA), were used. Mice were housed 4/cage in a climate controlled vivarium with unrestricted access to food and water and acclimated to these conditions for at least a week before any experimental manipulations occurred. Analgesia testing took place between 11:00 a.m. and 7:00 p.m. Mice were used once.
Procedures. Temperature was recorded using a thermistor probe (model 401, Measurement Specialties, Inc., Dayton, OH) inserted to a depth of 6 cm and secured to the tail with micropore tape. Rats were minimally restrained and isolated in 38 cm × 50 cm × 10 cm plastic stalls. Temperature was read to the nearest 0.01°C using a thermometer (model 4000A, Measurement Specialties, Inc.).
Two baseline temperature measures were recorded at 15 min intervals, and drugs were injected immediately after the second baseline was recorded. After injection, temperature was recorded every 30 min for 3 h and every hour thereafter for a total of 6 h. In some studies, temperature readings at later time points were obtained by inserting the probe 6 cm and holding it in place for at least 1 min before taking a reading. The change in temperature was determined for each rat by subtracting temperature readings from the average of the two baseline measures. Analgesia testing utilized a thermostatically controlled 2 L water bath commercially available from VWR International where the water temperature was set at 52°C (±0.5°C
). The tail was immersed into the water at a depth of 2 cm and the withdrawal latency recorded by a commercially available stopwatch (Fisher Scientific), allowing measurements in seconds and 1 / 100 s. Cutoff was set at 10 s to minimize the risk of tissue damage. A test session consisted of five recordings, the first of which constituted the baseline recording. Injections occurred immediately after the baseline recording, and the remaining recordings took place 20, 60, 180, and 360 min after administration. Prior to this testing, the animals had been accustomed to the procedure for three consecutive sessions where the water was held at room temperature. The tail-flick withdrawal latencies are expressed as a percentage of maximum possible effect (% MPE), according to the formula % MPE = [(test latency minus baseline latency) divided by (10 minus baseline latency)] times 100.
Drugs. For hypothermia testing, Δ 8 -THC-DMH and compounds 2a, 2b, 2c, 2d, and 2e were initially dissolved in a solution of 20% ethanol, 20% alkamuls, and 60% saline and were further diluted with saline. Injections were administered sc in a volume of 1.0 mL/kg. For tail-flick withdrawal (analgesia) testing, (−)-Δ 8 -THC-DMH and compound 2d were initially dissolved in 2% dimethyl sulfoxide, 4% Tween-80, and 4% propylene glycol before saline was slowly added just prior to the 10 mL/kg ip administration. All suspensions were freshly prepared for analgesia testing.
Data Analysis. Time−effect functions were analyzed using two-way repeated measures ANOVA procedures followed by Bonferroni's post hoc test for both the hypothermia and tail-flick latency data. Hypothermia dose−effect functions for compounds 2a, 2b, 2c, 2d, and 2e were analyzed using one-way repeated measures ANOVA procedures followed by the Holm−Sidak multiple comparison t test. p was set at <0.05, and statistical analyses were performed using the software package GraphPad Prism 5.03 (GraphPad Software, San Diego, CA).
Molecular Modeling. Compounds Δ 8 -THC, 2a−e underwent torsional sampling using the MCMM (Monte Carlo multiple minimum) protocol 57, 58 in MacroModel. 59 The conformational search was conducted using the OPLS_2005 force field 60 in a GB/SA water model 61 with an extended cutoff. An energy window of 21.0 kJ mol −1
(5 kcal mol −1 ) was employed, and the redundant conformers were eliminated using a rmsd cutoff of 0.5 Ǻfor all atoms.
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